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CP violation of the charged lepton sector has not been found yet. t is a unique charged lepton which can 
decay into hadrons. In this talk, we argue what kind of new physics can be studied with CP violation of r 
lepton decays. We also disucuss how to handle hadronic final state interactions for a prediction of the direct 
CP violation. 



1. Introduction 

CP violation of the lepton sector has not been found 
yet. CP violation of the neutrino sector will be ex- 
plored by measuring the asymmetry of the oscillation 
probabilities: i^^ — *■ Ve and — *■ C'e. The CP viola- 
tion requires the flavor violation and non-degeneracy 
of the masses for the charged leptons and neutrinos. 
Yet another type of CP violation of the lepton sec- 
tor can be explored using the t lepton which can be 
produced abundantly in B factories and Super flavor 
factories. 

First let us summarize the present status of CP and 
T violation of r lepton. The experimental bound on 
CP(T) violation related to r lepton are derived from 
measurements of the electric dipole moment (EDM) 
and CP violation of hadronic r decays. The EDM of 
T lepton is given by the operator 



(1) 



In the non-relativistic limit, using the two component 
spinor (j>, the operator in Eq. ^ is reduced to 



2edr<l>^S(j> ■ E, 



(2) 



with S = f . The non-zero coefficient dr implies T 
violation because the operator is a T odd operator, 



E 



E. 



(3) 



The recent experimental bounds on electric dipole mo- 
ment (edm) of T leptons are summarized as, 

-0.22 X 10"^^ < Re(e dr) < 0.45 x 10~^*'(e cm), 
-0.25 X 10-^^ < Im(e dr) < 0.008 x 10"^^. (4) 

The second example of CP violation is in t hadronic 
decays. There is "known" CP violation of the semilCT 
tonic T decays even within the standard model [J, \ 



r[r- ^ K,TT-iy] ^ |gp r[T- 
r[r+ ^ KsTT+V] |p|2 ^[r^ 



K°Tr+V] ' 



(5) 



where in the second line, we assume T^t— r — r,,, i -,- = ± 
which is valid within the tree level approximation of 
the standard model. is CP violation of the charge 
asymmetry of — ^ n^l^vi and n~^l~Di with 

I = e, fi 



At 



T[Kl ^ n-l+iyi] - r[KL ^ TT+rPi] 
T[Kl ^ Tr-l+Ui]+r[KL ^ n+l-Di] 

\p\'-\q\ 



\p\' 



(3.32 ±0.06) X 10" 



(6) 



where p and q are the mixing amplitudes of K'^ and 
A'" in the mass eigenstates Ks,l 



\Ks) 
\Kl) 



p\K"{sd)) +q\KO{sd)), 
p\K"{sd)) -q\KO{sd)). 



(7) 



The first limit of CP violation of r decay is set by 
CLEO [3] . Assuming the parametrization for the de- 
cay T~ K^ir'^iy, 



A{t- K-i:^Vr) 



fvi^q^ 



lb)Ur X 



+ Au{l+-/5)UrfsM 



(8) 



where q = pk — Ptt, Q = Pk + Pn and M = l(GeV). 
The bound on the parameter of CP violation is ob- 
tained as [1], 



- 0.172 < ImA < 0.067. 



(9) 



In the present talk, we give our predictions for the CP 
violation of t K^nv decays in a two Higgs doublet 
model. The results including the Kr] and Kr]' and the 
improved form factors are given in 



2. What kind of CP violation might 
manifest itself in r decay ? 

We first give an example of the beyond the stan- 
dard model whichgives rise to the CP violation in t 
hadronic decays [a d, 0] ■ The direct CP violation of 
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T decay may appear when there are two or more inter- 
fering amphtudes with different weak phases and the 
strong phases. In K^-kv and its CP conjugate 

process t+ K^nP, within the standard model, the 
charged current interaction leads to the decays as, 



CP violation of tau decay and related processes 



VrSU^ VrK+Tl^. (10) 



In the two Higgs doublet model, the charged Higgs 
interaction may also generate the amplitude, 



v,K-n\ (11) 



where i = e, ji and r. When the flavor of the neutrino 
is T— flavored, the charged Higgs contribution may in- 
terfere with the contribution of the standard model. 
The charged Higgs contributes to the angular momen- 
tum L — state (s wave) of the hadronic (K tt) system 
in the hadronic rest frame and the charged current due 
to W boson interaction contributes to L = 1, state. 
The strong phase due to the final state interaction for 
the s wave of K and tt is different from the phase shift 
of the p wave. Moreover, the CP phase of the charged 
Higgs contribution may be also differerent from the 
weak phase Vus of the standard model contribution. 
Therefore one may expect the direct CP violation in 
the interference of the amplitudes of the p wave and 
the s wave of K and tt system. On the flavor of neu- 
trino in Eq. (fTT|) . by ignoring the mass term of the 
neutrino compared with the t lepton mass, only in the 
case that the flavor of the neutrino is r flavored, the 
interference occurs. For the other flavor case which 
corresponds to Vf, and j/^ , the interference term in the 
charged current contribution is absent. Therefore, the 
direct CP violation may not be expected from the fla- 
vor changing case in Eq. pTj) . 



3. CP violation of r decay, edm and 
flavor changing neutral current (FCNC). 

In Fig. IT]), it is shown how the direct CP violation 
of T hadronic decay and edm of the r lepton is related 
to each other in the two Higgs doublet model. We also 
show, in the same model, how the flavor changing in- 
teraction in charged current mediated by the charged 
Higgs boson exchange is related to the flavor chang- 
ing neutral current (FCNC) mediated by the neutral 
Higgs boson. Since the charged Higgs boson forms 
the SU(2) doublet with the neutral Higgs boson, we 
can expect the CP violation and the flavor changing 
in Eq. lfTTj) also contributes to the CP violation and 
flavor changing in the neutral Higgs sector, namely. 



(12) 



where H'^ is a linear combination of the three mass 
eigenstates of the neutral Higgs bosons. For i — t, 




Tau Electric Dipole Moment Charged Lepton FCNC 



Figure 1: CP violation and FCNC processes related to 
the charged Higgs and neutral Higgs boson exchanged pro- 



the flavor diagonal coupling of r lepton and neu- 
tral/charged Higgs boson denoted by 2/33 is CP vio- 
lating and it contributes to the r electric dipole mo- 
ment as shown in Fig. For the flavor changing 
coupling i — ^ denoted by 2/32 in Fig. ([T]), it also leads 
to the flavor changing neutral current process in the 
charged lepton such as r ^ /z/2/z mediated by the neu- 
tral Higgs boson exchange. Therefore, one may con- 
strain the flavor changing coupling of Eq. (jlip from 
the charged lepton FCNC process such as r ^ ^i^t^J 
{li, Ij — ^, e) while CP violation of the flavor diagonal 
coupling can be constrained from edm of t lepton. 



4. CP violation measurement of the 
unpolarized r decay 

Now we turn to the measurement of the CP viola- 
tion. The issue has been disucussed in In order 
to extract the interference term of L = and L = 1 
states of kaon and pion, we must measure the angu- 
lar distribution. The angular distribution within the 
standard model is given below, which can be also read 
off from Eq.(lO) of § by replacing (3 in Eq.(29) with 
9 where cos 6 = n,- • nk- Here, nt and n,- are the di- 
rections of the kaon and r lepton in the hadronic rest 
frame respectively as shown in Fig. 



Gl\Vus\^ {ml - 



dy/sd cos 9 2^Tr^ 



lis) 



(!!i cos2 9 + sin2 9)l{s)'\F{s)\' + ^|F,(s)p 
s 4 



mt;. 



l{s) cos9ReiFF;) 



(13) 



Heavy Quarks and Leptons, Melbourne, 2008 



3 



Ti D^SD^'S - M^TtS^ 



T 




M \2 



V 



Figure 2: The angle Q defined at CM frame of K and vr. 



where Z(s) is the three momentum of kaon in the 
hadronic rest frame, ^/s is the invariant mass for 
hadrons. F and Fs are the vector and the scalar form 
factors defined below. 



Fsm - 



•'K 



(14) 



From 



with = {pK +P-kT and A^p 
the angular distribution, one can define the forward 
and the backward asymmetry Q, 



Afb(s) 
dT 



dT 




dr 








d^ 


cos e<o 
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As we can see from Eq. ([T5|) . the forward and back- 
ward asymmetry defined at the hadronic rest frame is 
the difference of the numbers of the events for the kaon 
scattered into the forward direction and the backward 
direction with respect to the incoming r. Note that 
the asymmetry is proportional to the interference term 
of the vector and the scalar form factors. 



5. The scalar and vector form factors 
from the chiral Lagrangian 

To predict the forward and the backward asymme- 
try, we must estimate the form factors. We have used 
an effective chiral Lagrangian including the vector [§] 
and the scalar resonances. 

f2 

£ = ^TtDUDU^ + BTrM{U + U^) 



^ 9 
+ ^-^l:T{D^UD^^U^){£,S£}) 

+ g2'Ty{mi + £}MS})S), 
where U is the chiral field defined by, 
U = e, e = exp(z^), 



(16) 
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M is the chiral breaking term, 



M = ' 

The scalar and the vector fields are given as. 




(18) 
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V 
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(19) 



where 5*0 is the vaccum expectation value of the scalar 
and is given as = ^^t"- We note the kinetic terms 
of the scalar generate the mixing of the scalar (k(0+)) 
and the vecor mesons {K*{1^)) because, 



TiDf^SD^S 
= Triads + zg[V^, So]){d^S + ^o])- 

(20) 

We have computed the hadronic form factors relevant 
for the processes r vK-k^ defined in Eq. p^ . The 
vector form factor is given as, 



Ml 



2g'FKFr 



■(1 



Mi. 



(21) 



The scalar form factor is, 

Q^F^^""" = -{rris - m„) < K+tt°\us\0 > 



1 



2V2 



M2 



;{R-R-') 



+ 



^^2A " r 



^)(2Ai?+(l + A)i?-i) 



M2 - Q2 



A)i-^R-^ 



R) , (22) 
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where R 



,A = 



The form factors are computed using the chiral 
Lagrangian of Eq. (I16p . The major contribution of 
the T vKtt decay comes from the decay chain of 
T K*v vK-K. We also have the contribution 
from the scalar resonance k as r ^ kz/ — s- vKir. The 
latter contributes to the scalar form factor. The form 
factors given in Eq. (PT|) and Eq. do not include 
the contribution of the width of the resonances. We 
have included the width by computing the imaginary 
part of the self-energy corrections for K* , k, and their 
mixing. Then for instance, the inverse propagator for 
K* is modified as. 




A = 




4:8ttMk 



(23) 



where gK'KT, = 



Mi 



= 3.246 which reproduces 



rif.(M|..) = 50.8(MeV). The form factors including 
the width of the K* and n are compared with the pre- 
diction of the chiral perturbation theory in Fig. 
Using the form factor described above, we have com- 



Figure 4: The vertical axis denotes the normalized double 



differential rate 



d^/sd cos 



/ dr 





Figure 3: The form factors as functions of ^/s (MeV) pre- 
dicted by the chiral Lagrangian including the scalar and 
the vector resonances Ea. (|16p . They are compared with 
the form factors predicted by chiral perturbation. 

puted the double differential rate in Fig. (j4|) , the angu- 
lar distribution in Fig. ([5]) and the hadronic invariant 
mass spectrum in Fig. ([6]). The branching frac- 
tion for K^Ti^v is obtained by integrating the 
hadronic invariant mass spectrum. The theoretical 



Figure 5: The same as Fig.(|4ll but with cosS distribu- 
tion for the fixed -/s chosen as ^ = 700, 900(MeV). For 
= 900, the angular distribution is more asymmetric 
than the case for y/s = 700 with respect to the replace- 
ment of cos — > — cos 9. 



prediction is given by, 

Br(T+ ^ ^"i^+;.)th = 0.448tEJ;°°^%, 



(24) 



where we have changed the scalar meson mass as 
= 800 T 50. The theoretical prediction of Eq. ^ 
can be compared with the experimental result from 
Babar fll. 



Br = 0.416 ± 0.003 ± 0.018%. 



(25) 



One may also use the branching fraction Kgn^i' 
to estimate the — > K^n^v in the isospin limit, 



Br(T^ 



Kfrny) = \p\^Br{T 

+ \q\^Br{T 

= (l + kml 

= 2(l-f|e„ 

~ 0.90%, 



)Br(r- 
2)Br(r- 



K^t:-v), 
(26) 



where p — ii-^ 

v2 



V2 



The numerical value of 



Eq. (l^ s hould be compared with the Belle measure- 
mentHil Br(r -> K.jny) = 0.808 ± 0.004 ± 0.026%. 

In Eq. ipS)) . we assumed g^^^+Z^j^^o^+pj = 1 and use 
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the isospin relation Br(T 



= 2Br(T- 



. 00001 
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Figure 6: The prediction of the diflFerential branching 
fraction for t K' The holizontal axis shows 

the hadronic invariant mass (MeV). The vertical axis 
shows We vary the scalar meson mass as ~ 

750, 800, 850. As for comparison with experimental data. 



the spectrum for r 

El. 



KsH v has been measured by Belle 



6. New Physics interaction and source of 
CP violation 



with T lepton and neutrino. One can parametrize the 
coupling 



cos/? 



g tan [3m j 



w 



(29) 

where I2 — VRy2Vl and Vr and Vl are unitary mat- 
ices which diagonalize the charged lepton mass matrix. 
Then one can show that the charged Higgs coupling 
to r lepton and neutrino can be complex and CP vi- 
olating as shown in Fig. [T] We have introduced the 
following parametrization. 



r exp(i7) = 1 



V2Mw Y^%,e 



rrir 



(30) 



g sin j3 

In the minimal two Higgs doublet model with the nat- 
ural flavor conservation, r ~ \ and 7 = 0. Note that 
CP phase may come from either CP violating phase 
6c p of Higgs vaccum expectation value or the new 
Yukawa couplings j/2- The charged Higgs contribu- 

V2Mw ^^^P^*^^ 



H 




Having explored the various distributions of the de- 
cay within the standard model, we turn to CP vi- 
olation of the two Higgs doublet model. It has been 
known that the two Higgs doublet model with the con- 
dition of the natural flavor conservation, the charged 
Higgs coupling to the r lepton and neutrino is real as 
in the standard charged current interaction. Therefore 
within the scheme, we may not have the CP phase. 
Then we relax the condition of natural flavor condi- 
tion as Q , 



+ y2i]eRiHllLj + y2iVRiH2 hi + h.c. (27) 

We allow the charged lepton to acquire mass from 
two Higgs Hi and H2. One can, in general, take the 
following parametrizations for Higgs fields. 



Hi = e'- 



H. 



Vl — ?" sin pA 

- sin (3H- 

- cos /3H+ 

i'2+/i2— COS f3A 

72 



(28) 



where the relative phase of the vaccuum expectation 
value of the two Higgs is denoted by 6'c_p. In this case, 
the CP violation occurs in the charged Higgs coupling 



Figure 7: The CP violating charged Higgs contribution to 
r K-Ku-r decay. 

tion can be easily incorporated by replacing the scalar 
form factor Fs as, 

Fs->F5(l-^tan2/3rexp(±i7)), (31) 

for decay. We define the CP violation of the for- 
ward and the backward asymmetry, 



Afb{s) - Apsis)- 



(32) 



In Fig.®, we have plotted the forward and backward 
asymmetries and their CP violation in Eg. ([5^ . We 
have shown the dependence of the CP violation of the 
forward and the backward asymmetry on the CP vi- 



olating phase 7 as 



and ^ in Fig.®. We also 



have changed n mass and studied how the CP viola- 
tion depends on the resonance parameter in Fig.JK 



7. Summary 

• We have presented a realistic calculation of the 
form factors of the r decays. We study the vec- 
tor and scalar form factors including k(800) and 
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800 1000 1200 1400 1600 1800 
MeV 



Figure 8: The forward and backward asymmetries for r~ 
decay (green) and decay (blue). CP violation of the 
forward and backward asymmetries defined in Ea. p2|l is 
shown in the red solid line. We choose, Mh ~ 200(GeV), 
tan/3 = 50,r = 2,7 = |. M„ = 800(MeV). 




800 1000 1200 1400 1600 1800 
MeV 



Figure 9: CP phase dependence (7 = f 1 f 1 t|) of the CP 
violation of the forward and the backward asymmetry. 



• Including the new physics contribution from 
charged Higgs exchange, we have seen that CP 
violation of the forward and backward asymme- 
try can be as large as 10%. {AIh = 200, r = 
2,tan/3 = 50,7 = f ) 

• The CP violating source of the charged Higgs 
coupling is identified as the non-minimal (r ^ 
1,7 7^ 0) two Higgs doublet model structure. 
We have shown the CP violation may originate 
from the phase of the vaccuum expectation value 
of Higgs field. 
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K* . The hadron invariant mass spectrum is ob- 
tained. 

• We study the forward and backward asymmetry 
and find the large asymmetry (not CP) ~ 60% 
near the threshold region within the standard 
model using the form factors which we obtain. 
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Figure 10: The dependence on the mass of k (Mk = 
700, 800, 850(MeV)) of the CP violation of the forward and 
backward asymmetry. 
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